therosclerosis and arterial restenosis after angioplasty are severe in patients with resistance to insulin-induced glucose disposal. [1] [2] [3] It is thought that the accompanying hyperinsulinemia stimulates vascular smooth muscle (VSMC) migration from the arterial media to the neointima thereby contributing to these processes. 4 The superoxide anion (O 2 Ϫ ) and its dismutated product hydrogen peroxide (H 2 O 2 ), both reactive oxygen species (ROS), contribute to VSMC migration. [5] [6] [7] [8] [9] We have shown that a physiologic concentration of insulin modestly increased O 2 Ϫ and H 2 O 2 production in cultured rat VSMCs by a mechanism inhibited by diphenyleneiodonium (DPI), an inhibitor of NAD(P)H oxidase that produces O 2 Ϫ . 10 Other investigators have shown that insulin stimulates NAD(P)H oxidase activity in human adipocyte plasma membranes and cultured fibroblasts. 11, 12 However, when we treated cultured VSMCs with insulin, migration was not affected. 13, 14 Angiotensin II (Ang II) stimulates VSMC migration and increases NAD(P)H oxidase activity in cultured VSMCs by stimulating association and abundance of its subunits. 15, 16 The present study was performed to determine whether insulin increases Ang II-stimulated cultured VSMC migration by synergistically stimulating NAD(P)H oxidase activity.
Methods

Cell Culture
Cultured VSMCs from thoracic aortae from male SpragueDawley rats (Harlan), which express smooth muscle ␣-actin, were prepared as previously described.
14 Confluent cultured cells of passages 3 to 10 were used in experiments and incubated in serum-free Dulbecco's modified Eagle's medium (DMEM) for 24 h before experiments.
Cyclic GMP Assay
Confluent cultured VSMCs were preincubated with or without 100 nmol/L Ang II in DMEM for 4 h and incubated with or without 1 nmol/L insulin or 100 nmol/L S-nitroso-N-acetyl-D, L-penicillanine (SNAP) for 5 min at 37°C in physiologic salt solution (PSS) containing (in millimoles per liter) 136 NaCl, 4 KCl, 5 glucose, 1.8 CaCl 2 , 0.8 MgSO 4 , 10 HEPES-Tris at pH 7.4, plus 0.1% bovine serum albumin (BSA) and 0.5 mmol/L isobutylmethylxanthine to inhibit phosphodiesterase activity. The cyclic GMP (cGMP) content of cells was determined by immunoassy (Amersham, Piscataway, NJ) as previously described.
14
Superoxide Anion Assay
Confluent cultured VSMCs were preincubated in DMEM overnight with or without 1 nmol/L gp91ds-tat and continued with or without 100 nmol/L Ang II for an additional 4 h, washed with Krebs-HEPES buffer (KHB) containing (in millimoles per liter) 115 NaCl, 4.7 KCl, 1.9 CaCl 2 , 1.2 MgSO 4 , 1.0 KH 2 PO 4 , 25 NaHCO 3 , 11 glucose, 20 HEPES at pH 7.4, plus 0.1% BSA, and released from the dishes by incubating them with collagenase (Sigma, St. Louis, MO) (1 mg/mL) and soybean tryspin inhibitor (Sigma) (1 mg/ mL) in KHB for 5 min at 37°C. Cells were collected by centrifugation (200 g for 5 min at 4°C), and the cell pellet was washed and resuspended in KHB and incubated with or without 100 nmol/L DPI, 1 nmol/L gp91ds-tat, 100 mol/L NADH or 1 nmol/L insulin for 5 min at 37°C. Of the cell suspension 100 L (ϳ 300 g protein) was added to 900 L of 6 mol/L dark-adapted lucigenin in KHB at room temperature, and photon emission was measured for 1 min in a scintillation spectrophotometer in out-of-coincidence mode. Photon emission in the absence of cells was subtracted from each measurement.
Nitric Oxide Scavenging
Confluent cultured VSMCs were preincubated with or without 100 nmol/L Ang II in DMEM for 4 h, washed with phosphate buffered saline (PBS) (Gibco, Grand Island, NY), treated with collagenase (1 mg/mL), BSA (1 mg/ mL), and soybean trypsin inhibitor (1 mg/mL) for 15 min at room temperature, scraped and centrifuged to collect cells. The pellet was suspended in a small volume of PBS, added to 5 mL of DMEM-based media containing 10 mol/L 4-5-diaminofluorescein diacetate (DAF2-DA) (Alexis, San Diego, CA) (preparation described later) and incubated for 60 min in a tissue culture incubator. The DAF2-DA is cell permeable and is converted to cell impermeable DAF-2 by intracellular esterases. In the presence of nitric oxide (NO) and molecular oxygen, DAF-2 is converted to the fluorescent triazole derivative, DAF-2T (Ex 492 nm; Em 515 nm). 17 To prepare DAF2-DA for cell loading, 10 L of 5 mmol/L DAF2-DA in DMSO (from the manufacturer) was diluted in 500 mL of PBS containing 0.02% Pluronic F-127 (Molecular Probes, Eugene, OR) to help in dye dispersion, sonicated for 20 sec, and added to 4.5 mL of DMEM. Once loaded with DAF2-DA, the cells were centrifuged, washed in KHB, centrifuged again, and suspended in KHB with or without 1 nmol/L insulin, 100 nmol/L DPI, or 1 mol/L naphthoquinolinedione (LY83583) for 5 min at 37°C. SNAP (100 mol/L; final concentration) was mixed with the cell suspension and an aliquot immediately placed on a slide under a coverslip on the stage of an epifluorescence microscope (Nikon, New York, NY), excited at 490 nm, and the emissions that passed through a 505-nm high pass dichroic mirror and a 515-nm filter were measured with a photomultiplier. The increase in fluorescence intensity during 1min was factored by the number of cells in the microscopic field (about 25 at ϫ200 magnification). The inhibition of the increase in DAF-2 fluorescence in 1 min was taken as an indicator of NO scavenging. Absolute basal VSMC cGMP and O 2 Ϫ production and SNAP-stimulated DAF-2 fluorescence varied from preparation to preparation, but the relative effects of various perturbations on cGMP and O 2 Ϫ production and SNAPstimulated fluorescence were highly reproducible from experiment to experiment. Thus the statistical analysis of these parameters was based on assigning the control value in each experiment as 100%.
Cell Migration
Dishes of confluent VSMCs were preincubated in DMEM overnight with or without 1 nmol/L gp91ds-tat, washed twice with PBS, and a wound made through the monolayer with a stylet producing a cell-free area about 0.3 mm wide, and an image was taken using a digital camera (Kodak, Rochester, NY) attached to a Nikon inverted phase-contrast microscope at ϫ200 magnification. One milliliter of DMEM with or without 100 nmol/L Ang II, 1 nmol/L insulin, 1 nmol/L gp91ds-tat, or 100 nmol/L DPI was placed in the dish, incubated at 37°C for 9 h, and a second image taken. The VSMC migration into the wounded area during 9 h was determined, as previously described.
14 Insulin (bovine), Ang II, SNAP, DPI, and LY83583 were obtained from Sigma. gp91ds-tat and its scrambled analog were synthesized by the Protein Chemistry Facility of Tufts University. 18 In most assays, a given group of cells was submitted to more than one treatment, as specified in the Figures. Statistical analysis of experiments was performed on paired data by Student t test and analysis of variance with multiple comparisons using the NewmanKeuls test. Statistical significance was taken as P Ͻ .05.
Results
VSMC Migration
As shown in Fig. 1, 1 nmol/L insulin, a high physiologic concentration in rats, 19 did not affect VSMC migration, as we previously had observed. 13, 14 One hundred nanomoles per liter of Ang II stimulated migration by about 75%. This concentration of Ang II is known to maximally stimulate VSMC ROS production. 20 Importantly, insulin significantly stimulated migration of Ang II-treated cells by about 60%. DPI (Fig. 1A ) and gp91ds-tat (Fig. 1B) , a novel cell permeable peptide designed to inhibit association of two essential NAD(P)H oxidase subunits, 18 inhibited Ang II plus insulin-stimulated migration. DPI and gp91ds-tat inhibited the insulin-stimulated component of migration in Ang II-treated VSMCs by 102% Ϯ 14% and 120% Ϯ 23%, respectively (N ϭ 5, both P Ͻ .05). The data in Fig. 1 indicate that the insulin-stimulated component of migration of Ang II-treated cells is completely dependent on NAD(P)H oxidase activity.
Superoxide Production
Because insulin-stimulated migration of Ang II-treated VSMCs was blocked by inhibitors of NAD(P)H oxidase, we tested whether insulin would stimulate the activity of that enzyme in the presence of Ang II. Fig. 2 shows that incubating cultured VSMCs for 5 min with 1 nmol/L insulin or for 4 h with 100 nmol/L Ang II significantly increased O 2 Ϫ production by 34% and 35%, respectively, but together stimulated it by 143%. The sum of the insulinstimulated and Ang II-stimulated components of O 2 Ϫ production and the insulin plus Ang II-stimulated component of O 2 Ϫ production was 73% Ϯ 9% and 143% Ϯ 20% of the basal value, respectively (N ϭ 4, P Ͻ .05). Thus insulin and Ang II synergistically stimulate O 2 Ϫ production. DPI inhibited the insulin-stimulated component of O 2 Ϫ production by 94% Ϯ 5% (N ϭ 4, P Ͻ .05). DPI and gp91ds-tat inhibited the Ang II-stimulated component of O 2 Ϫ production by 108% Ϯ 13% and 100% Ϯ 8%, respectively, and the insulin plus Ang II-stimulated component of O 2 Ϫ production by 88% Ϯ 10% and 99% Ϯ 9%, respectively (N ϭ 4, all P Ͻ .05). These data indicate that insulin or Ang II stimulate NAD(P)H oxidase activity in cultured VSMCs, as has been described, 10 ,21 but together they synergistically stimulate activity of the enzyme. In other experiments 100 nmol/L NADH stimulated O 2 Ϫ production to 478% Ϯ 94% and 1144% Ϯ 197% of the control value in the absence and presence of insulin plus Ang II, respectively (N ϭ 4, P Ͻ .05). The NADH-stimulated component of O 2 Ϫ production in the presence of insulin plus Ang II was abrogated by DPI. The latter data indicate further that NAD(P)H oxidase is the source of O 2 Ϫ , whose production is stimulated by insulin plus Ang II.
Nitric Oxide Scavenging and cGMP Production
Insulin plus Ang II-stimulated O 2 Ϫ production might scavenge NO thereby inhibiting cGMP production, which could contribute to increased VSMC migration. Thus we tested whether insulin plus Ang II-stimulated O 2 Ϫ scavenged SNAP-released NO, or decreased SNAP-stimulated cGMP production. SNAP caused an immediate increase in fluorescence of DAF-2-loaded VSMCs during 1 min. As shown in Fig. 3A , insulin or Ang II alone had no discernable effect on the SNAP-induced increase in fluorescence but together they significantly decreased it by 46%. DPI reversed Ang II plus insulin's inhibition of the SNAPinduced increase in DAF-2 fluorescence. That value was not significantly different from that with DPI in control cells. As a positive control, Fig. 3A shows that LY83583, an intracellular generator of O 2 Ϫ , 22 inhibited the SNAPinduced increase in fluorescence. As shown in Fig. 3B , SNAP significantly increased cGMP production, but neither insulin, Ang II, nor both together affected baseline cGMP production. SNAP-stimulated cGMP production, however, was inhibited significantly by the combination of insulin and Ang II. In the presence of DPI, insulin plus Ang II did not affect SNAP-stimulated cGMP production (data not shown).
FIG. 2. Effects of insulin and angiotensin II (Ang II) on O 2
Ϫ production in vascular smooth muscle cells (VSMCs). The VSMCs were preincubated with or without 1 nmol/L gp91ds-tat, 100 nmol/L diphenyleneiodonium (DPI), 100 nmol/L Ang II, or 1 nmol/L insulin, and O 2 Ϫ production measured. Data were calculated as a percentage of the control value with vehicle and expressed as the means Ϯ SEM of four separate experiments. *P Ͻ .05 v control plus vehicle, †P Ͻ .05 v insulin plus vehicle, **P Ͻ .05 v Ang II plus insulin plus vehicle, † † P Ͻ .05 v Ang II plus vehicle and insulin plus vehicle. 
FIG. 1. Effects of insulin and angiotensin II (Ang II) on migration of vascular smooth muscle cells (VSMCs
Discussion
Hyperinsulinemia, in clinical conditions marked by resistance to insulin-induced glucose disposal, may exacerbate atherosclerosis and restenosis after arterial angioplasty. [1] [2] [3] It is thought that the hyperinsulinemia stimulates VSMC migration, thereby contributing to atherosclerosis and restenosis. 4 Insulin modestly stimulates NAD(P)H oxidase activity in cultured rat VSMCs 10 and ROS contribute to VSMC migration [5] [6] [7] [8] [9] ; however, we found that insulin alone did not affect migration of these cells. 13, 14 . Because Ang II activates NAD(P)H oxidase, 15 we tested whether insulin's additional stimulation of enzyme activity in Ang II-treated cells would stimulate VSMC migration.
In the present study, insulin or Ang II modestly stimulated O 2 Ϫ production in cultured rat VSMCs (each by about 35%). Together they synergistically stimulated it by 143%. Basal O 2 Ϫ production was inhibited by DPI but not gp91ds-tat. This can be explained because DPI inhibits the assembled NAD(P)H oxidase enzyme, some of which is constitutive, 21 but gp91ds-tat inhibits agonist-stimulated assembly of two essential enzyme subunits. 18 Virtually all of the insulin-, Ang II-, and insulin plus Ang II-stimulated components of O 2 Ϫ production were mediated by NAD(P)H oxidase activity, as they were abrogated by DPI or gp91ds-tat, and the NADH-stimulated component of O 2 Ϫ production in Ang II plus insulin-treated cells was blocked by DPI. Insulin alone did not affect VSMC migration, Ang II stimulated it by 65%, but together they stimulated migration by about 150%. DPI or gp91ds-tat did not significantly inhibit VSMC migration in the presence of Ang II. Although Ang II-stimulated ROS production may play a role in Ang II-stimulated VSMC migration, other mechanisms must be much more important. Ang II's stimulation of mitogen-activated protein kinase (MAPK) activity by mechanisms not involving NAD(P)H oxidase, and Ang II's increase of intracellular Ca 2ϩ concentration with subsequent stimulation of calcium/ calmodulin-dependent protein kinase II (CaM kinase II) activity are likely mechanisms because both MAPK and CaM kinase II are known to mediate to VSMC migration. 14, 15, 23 On the other hand, all of the insulin-stimulated component of migration of Ang II-treated cells was blocked by these inhibitors of NAD(P)H oxidase. Taken together, the present data indicate that insulin's stimulation of NAD(P)H oxidase activity in Ang II-treated VSMC is required for increased migration. The present study does not address whether insulin's effect on other enzyme systems contributes to its ROS-dependent stimulation of migration or how the latter affects migration. MAPK may be involved in ROS-stimulated migration as O 2 Ϫ stimulates MAPK activity in cultured rat VSMCs. 24 A role for H 2 O 2 is also possible because the latter is known to contribute to VSMC migration. [5] [6] [7] The mechanisms by which MAPK or H 2 O 2 contribute to VSMC migration are not fully understood. The present study also shows that insulin plus Ang II-stimulated NAD(P)H oxidase activity causes NO scavenging and inhibition of NO-stimulated cGMP production. Whether the latter contributed to insulin plus Ang IIstimulated VSMC migration is yet to be determined.
The mechanism of insulin's stimulation of NAD(P)H oxidase in cultured VSMCs is not known. We have previously reported that insulin stimulated lactate production in cultured VSMCs. 25, 26 Other investigators have reported that exogenous lactate stimulated this enzyme in bovine coronary endothelial cells, 27 endothelium-denuded calf pulmonary artery, 28 and bovine cardiac myocytes, 29 presumably by the concomitant increase in cellular NADH by the lactate dehydrogenase reaction. It has also been reported that insulin stimulated this enzyme in cultured human fibroblasts by a phosphatidylinositol 3=: kinasedependent pathway, 12 and in human adipocyte plasma membranes by a heterotrimeric G protein-dependent pathway. 11 Angiotensin II acutely (within minutes) stimulates NAD(P)H oxidase activity in cultured VSMCs by stimulating association of its subunits, and stimulates it within hours by increasing the abundance of enzyme subunits. 16 It is possible that the synergistic stimulation of O 2 Ϫ production by insulin plus Ang II was caused by insulin's supplying an increased substrate (NADH) to the enzyme that had been upregulated by Ang II, but further studies are needed to test this hypothesis. The present study shows that insulin plus Ang II decreased SNAP-released NO availability in a DPI-sensitive manner, as measured with SNAP-stimulated DAF-2 fluorescence. Fig. 3A shows that DPI increased the SNAPinduced increase in DAF-2 fluorescence in control cells and cells treated with Ang II plus insulin to values higher than control cells in the absence of DPI. This can be explained as DPI blocks basal O 2 Ϫ production by about 70% (see Fig. 2 ).
In the present study we were not able to detect stimulation of cultured VSMC migration by insulin alone, as opposed to several other studies. 30, 31 The reason for this is unknown, but may be due to differences in experimental technique. The former studies used a modified Boyden chamber, where VSMCs migrate from one chamber through a porous membrane to another chamber. The present study used an assay where confluently cultured VSMCs migrate into the open space left by scoring the monolayer with a stylet.
Several limitations in the interpretation of these studies deserve comment. First, DPI is not a specific inhibitor of NAD(P)H oxidase, as it inhibits all flavin-based enzymes. 32 However, because gp91ds-tat is thought to be a specific inhibitor of NAD(P)H oxidase, 18 the data in Figs. 1 and 2 indicate that the latter enzyme is the source of insulin plus Ang II-stimulated O 2 Ϫ production, which contributes to increased migration, and therefore is probably the source of O 2 Ϫ in insulin plus Ang II-stimulated cells which scavenges NO (Fig. 3A) . Second, the mechanism of gp91ds-tat's inhibition of NAD(P)H oxidase in the present study is speculative. gp91ds-tat is a cell permeable peptide that includes a nine amino acid segment that was designed to block the association of phagocyctic gp91 phox with p47 phox . 18 A similar association is probably important for NAD(P)H oxidase function in VSM because antibody to p47 phox inhibited Ang II-stimulated O 2 Ϫ production in cultured rat VSMCs. 33 However, rat VSMCs are largely devoid of gp91 phox but contain its homologs, nox1 and nox4, that have partial homology with gp91 phox at the gp47 phox -binding site. 18, 34 A possible explanation of the present data is that preincubation of VSMCs overnight with gp91ds-tat before the experiments may have sufficiently bound to p47 phox to effectively inhibit its association with nox1 or nox4, thereby inhibiting O 2 Ϫ production. Alternatively, because adventitial fibroblasts express gp91 phox , 35 the present data are consistent with the possibility that NAD(P)H oxidase in contaminating fibroblasts is the source of insulin plus Ang II-stimulated O 2 Ϫ production, and that these hormones stimulate the migration of contaminating fibroblasts. Finally, the mechanism of the stimulation of O 2 Ϫ production by extracellular NADH in this study is not fully understood. It is speculated that extracellular nicotinamide adenine dinucleotides may directly transfer into the cell or be involved in an indirect mitochondrial-like shuttle mechanism. 36 Other researchers have speculated that these dinucleotides stimulate NAD(P)H oxidase by binding to extracellular sites of the enzyme in the plasma membrane. 37 Although it has been reported that NADH-stimulated O 2 Ϫ production can be an artifact related to the use of lucigenin concentrations equal or greater to 50 mol/L, 36 this is not likely to apply in the present studies because 5 mol/L lucigenin was used, and DPI blocked the NADH-stimulated component of O 2 Ϫ production.
Putative in vivo synergistic effects of Ang II and insulin as described in this study may be important. It has been reported that imposed hyperinsulinemia increases neointima formation in normal rat carotid artery after balloon catheter injury. 38 Ang II 39 -41 and vascular NAD(P)H oxidase activity 42 have been shown to be important in the genesis of this lesion, where VSMCs migrate from the arterial media to the neointima. 43 Further studies are needed to test whether insulin and Ang II interact to increase VSMC NAD(P)H oxidase activity leading to increased VSMC migration in vivo.
